Introduction
Homeobox (HB) genes have been reported from metazoans, land plants, and fungi, the three major kingdoms of multicellular organisms (Bharathan et al. 1997) . Each HB gene encodes a conserved 60-amino-acid sequence known as the homeodomain (McGinnis et al. 1984; Scott and Weiner 1984) . HB genes encode transcription factors, with the homeodomain mediating sequence-specific binding (Desplan, Theis, and O'Farrell 1988; Hoey and Levine 1988; Müller et al. 1988) . In Drosophila melanogaster, they function as homeotic selector genes that regulate body axis formation and organ development (reviewed in Manak and Scott 1994) . The angiosperm HB genes are not likely to function as homeotic selector genes (Meyerowitz 1997) , as none of the plant HB genes that have been ectopically expressed in plants result in homeotic conversions (e.g., Schena, Lloyd, and Davis 1993; Sinha, Williams, and Hake 1993; Chuck, Lincoln, and Hake 1996) .
Numerous angiosperm HB genes have been isolated and sorted into seven distinct groups based on their amino acid similarities (Bharathan et al. 1997) . These include the KNOX, BELL, HD-PHD-finger, HAT 1, HAT 2, GL2, and ATHB8 groups. Genes in the latter four groups also encode a leucine zipper motif adjacent to the C-terminus of the homeodomain and collectively form the homeodomain-leucine zipper (HD-Zip) gene family (Schena and Davis 1992; Baima et al. 1995; Cristina et al. 1996) . These four groups of angiosperm HB genes have been renamed the HD-Zip I-IV subfamilies, respectively (Meijer et al. 1997) . The combination of a homeodomain and a leucine zipper motif is unique to higher plants, suggesting that the HD-Zip genes may be involved in the regulation of developmental processes specific to plants (Schena and Davis 1992) .
Although all HD-Zip genes in plants are likely to encode transcription factors, the biological processes they regulate are not well understood, as only one mutant phenotype (the glabra2 mutation of Arabidopsis) has been associated with a mutation of an HD-Zip gene (Rerie, Feldmann, and Marks 1994) . However, by modifying plants to overexpress HD-Zip genes in sense or antisense directions or by correlating expression with developmental or physiological states, diverse functions for several HD-Zip genes have been postulated. These processes include photomorphogenesis and light-regulated responses (Carabelli et al. 1993 (Carabelli et al. , 1996 Aoyama et al. 1995; Steindler et al. 1997) , water deficit and osmotic stress (Söderman, Mattsson, and Engstrom 1996) , vascular tissue development (Baima et al. 1995) , and trichome and root hair development (Rerie, Feldmann, and Marks 1994; Cristina et al. 1996) .
Although dozens of HD-Zip genes have been reported from angiosperms, none have been characterized for lower plant taxa. Therefore, it is not known to what extent changes in the numbers and functions of HD-Zip genes may have driven changes in land plant evolution. To address this question, we investigated the structure and expression patterns of HD-Zip genes from the leptosporangiate fern Ceratopteris richardii. The leptosporangiate ferns are a monophyletic group of vascular plants, whose ancestors diverged from the seed plant lineage prior to the divergence of gymnosperms and angiosperms approximately 400 MYA (Hasebe et al. 1994; Pryer, Smith, and Skog 1995) . Ceratopteris richardii was chosen from the leptosporangiate ferns because it is easily cultivated and has been developed as a model genetic system for studying fern growth and development (Eberle et al. 1995; Hickok, Warne, and Fribourg 1995) .
In this article, we report the sequences and expression patterns of 11 HD-Zip genes isolated from C. richardii. The purposes of this study are (1) to infer phylogenetic relationships among the C. richardii HD-Zip genes and previously reported angiosperm HD-Zip genes and (2) to compare the expression patterns of the C. richardii HD-Zip genes between gametophyte and sporophyte generations as a basis for examining the evolution of these genes and the developmental processes they may regulate.
Materials and Methods

Strains and Culture Conditions
The origin of Hnn, the wild-type strain of C. richardii Brongn. used in this study, is described in Scott and Hickok (1987) .
Culture conditions were modified from Banks, Hickok, and Webb (1993) . To sterilize the surfaces of spores, dried spores were soaked in a solution of diluted commercial bleach (1 volume of bleach to 5 volumes of sterile water) for 20 min at room temperature, then washed three times with sterile water and soaked in sterile water for 1 week in dark at room temperature to synchronize the germination of spores. After 1 week, the spores were sterilized and washed again. The liquid medium for culturing gametophytes contained 2.2 g/liter Murashige and Skoog culture medium basal salt (Wako, Osaka, Japan) supplemented with 1 ml/liter 1,000 ϫ Gamborgs vitamin solution (Sigma, St. Louis, Mo.), 3% sucrose, and 2.7 ml/liter Fe-EDTA (Hickok, Warne, and Fribourg 1995) . The pH of the medium was adjusted to 5.9 with KOH. Spores were sown at 0.2 mg/ml (ϳ250 spores) in 500 ml or 1 liter of the liquid medium in 1-or 2-liter flasks, respectively. Gametophytes were cultured at 29ЊC under continuous white light (ϳ15,000 lux), with shaking at 100 times/min. After 5, 7, 9, 11, and 13 days of growth after inoculation, the gametophytes were removed from the medium by filtration through Miracloth (Calbiochem, La Jolla, Calif.). The filtrated medium was used as a male induction medium after autoclaving. Sporophytes were cultured as follows: Sterilized spores were sown on a solid medium made by adding 15 g/liter agar to the liquid medium, and the spores were grown under the same conditions as the gametophytes without shaking. After 13 days of growth, 5 ml of sterile water was added to fertilize the gametophytes. When sporophytes grew up to 1 cm height, they were transferred to pots with sand and grown at 25-30ЊC in a humid greenhouse for 3 months.
RNA Extraction, cDNA Synthesis, and PCR Conditions Total RNA was extracted from wild-type gametophytes grown 5, 7, 9, 11, and 13 days after inoculation, from male gametophytes grown 5, 7, and 11 days after inoculation, and from the following sporophyte tissues: the root; the vegetative leaves just after unfolding (ϳ8 cm long); the reproductive leaves just after unfolding (ϳ8 cm long); circinnate reproductive leaves (2-5 cm) without petiole; the petiole of the circinnate reproductive leaves (2-5 cm); and the reproductive shoot tips, including apical meristems, leaf primordia, young leaves less than 5 mm long, and root primordia less than 1 mm.
Total RNA was isolated according to Hasebe et al. (1998) . The extracted RNA was further purified by the LiCl method (Sambrook, Fritsch, and Maniatis 1989, p. E.15) or by ISOGEN LS (Nippon Gene, Tokyo, Japan). Complementary DNA was synthesized from total RNA with the 3Ј RACE System using SuperScript II reverse transcriptase and the universal amplification primer (GIBCO-BRL, Rockville, Md.). PCR was performed using the adapter primer and one of two homeodomain-specific primers, HB1 (Bürglin et al. 1989) and HD1. These primers encode the amino acids KIWFQNRR and WFQNRRAR, respectively. The amino acid sequence of the HD1 primer is conserved in all HD-Zip genes found in the GenBank/EMBL/DDBJ DNA database as of April 1997. Nucleotide sequences of the degenerate primers are 5Ј-CAUCAUCAU-
The PCR procedures followed those of Hasebe et al. (1998) . The PCR products were separated on 1.5% agarose gels; fragments between 0.5 and 2.0 kb were purified with the GeneClean kit II (Bio101, Vista) and cloned into the pAMP1 plasmid (GIBCO-BRL). The cloned DNA fragments were sequenced with the Thermosequenase Fluorescent Labeled Primer Sequencing Kit (Amersham, Buckinghamshire, U.K.) and the Dye Terminator Cycle Sequencing FS Ready Reaction Kit (Perkin-Elmer, Foster City, Calif.) with an A.L.F. sequencer (Pharmacia, Uppsala, Sweden) and an ABI PRISM 377 DNA sequencer (Perkin-Elmer), respectively. The 5Ј region of each gene was cloned using the 5Ј RACE System (GIBCO-BRL) and then sequenced.
Phylogenetic Analysis
The deduced amino acid sequences of HD-Zip genes obtained from the GeneBank/EMBL/DDBJ DNA database and 11 C. richardii HD-Zip genes (termed Crhb) from this study were aligned using the CLUSTAL W, version 1.6, program (Thompson, Higgins, and Gibson 1994) and then were revised manually. Phylogenetic inference was done using the PROTDIST, NEIGHBOR, SEQBOOT, and CONSENSE programs in the PHYLIP, version 3.572c, software package (Felsenstein 1995) . The evolutionary distances were calculated with the PROTDIST program using the Dayhoff and PAM matrix model (Dayhoff 1978) , and a gene tree was constructed with the neighbor-joining method (Saitou and Nei 1987) as implemented by the NEIGHBOR program. Statistical supports for internal branches were estimated by bootstrap analyses with 100 replications using the SEQBOOT and CONSENSE programs. ϩ tails, respectively. White, black, and gray boxes indicate the homeodomain, the leucine zipper motif, and the acidic region, respectively. The probes used for the northern analyses are indicated. The size of the cloned fragment is shown in the bracket under the gene name.
Northern Analyses
Northern analyses were performed according to Church and Gilbert (1984) . Twenty micrograms of total RNA was electrophoresed on 1% agarose gels containing 2 M formaldehyde and then transferred to membranes (Hybond Nϩ, Amersham) using 10 ϫ SSC. Membranes were hybridized at 65ЊC for 16 h in a hybridization buffer containing 0.5 M sodium phosphate (pH 7.2), 1 mM EDTA, and 7% SDS and were then washed three times at 65ЊC in a wash buffer containing 40 mM sodium phosphate (pH 7.2), 1 mM EDTA, and 1% SDS. Most gene-specific probes did not include the conserved homeobox region to prevent cross-hybridization to other HD-Zip genes, although the Crhb1, Crhb7, Crhb8, and Crhb9 probes included small portions of the homeobox region ( fig. 1 ). The probes were labeled with [␣-32 P] dCTP (Amersham) using the Random Primer DNA Labeling Kit, version 2.0 (TaKaRa, Tokyo, Japan).
Results
Cloning of HD-Zip Genes from C. richardii
Candidate C. richardii HD-Zip cDNAs synthesized from RNA isolated from wild-type gametophytes grown 5, 7, 9, 11, and 13 days after inoculation were cloned using the 3Ј RACE System (GIBCO-BRL) with homeodomain-specific degenerate primer HB1 or HD1. Two hundred eighty clones (55, 75, 40, 30 , and 80 clones from each cDNA population) were obtained using the HB1 primer, and 583 clones (178, 130, 45, 30, and 200 clones from each cDNA population) were obtained using the HD1 primer. These candidate clones were sorted into 16 distinct groups according to their digestion patterns with AluI or Sau3AI, and then two or three clones from each group were sequenced. Eleven of these 16 groups contained regions similar to both the homeodomain and the leucine zipper motif, indicating that each group represents a single HD-Zip gene. The remaining five groups showed no similarity to the homeodomain and/or the leucine zipper motif and were not analyzed further. The 11 HD-Zip genes are named Crhb1-Crhb11 (accession numbers to the DNA database are AB013791 to AB013801, respectively). The 5Ј regions of the Crhb genes were cloned with the 5Ј RACE System (GIBCO-BRL) using gene-specific primers and then sequenced. Nucleotide sequences of the gene-specific primers are deposited in the DNA data-base as additional information for each gene.
To prevent PCR errors, at least two independently amplified PCR fragments were sequenced for each clone. When discrepancies of nucleotide sequences were observed (about 1% on average), correct nucleotides were decided by majority in at least three independently amplified PCR products.
Further screening for Crhb genes from total RNA isolated from the reproductive shoot tips of sporophytes did not yield any more unique Crhb genes. The 200 clones obtained were identical in restriction digestion patterns to Crhb2-Crhb4, Crhb6, and Crhb9 genes.
The structures of the Crhb genes, illustrating the conservation in the relative positions of the homeodomain and the leucine zipper motif, are shown in figure 1. All of these Crhb genes also have one or two acidic regions (Ptashne 1988) adjacent to the N-terminus of the homeobox or the C-terminus of the leucine zipper motif ( fig. 1 ). The repression domain reported from the Oshox1 HD-Zip gene (Meijer et al. 1997) was not found in any Crhb genes.
A Gene Tree of Angiosperm and Fern HD-Zip Genes
An alignment of amino acid sequences encoding the homeodomains and leucine zipper motifs of previously reported and Ceratopteris HD-Zip genes is shown in figure 2. The 85 amino acid residues indicated in figure 2 were used to calculate the evolutionary distances. A gene tree based on the evolutionary distances ( fig. 3 ) reveals that the Crhb genes cluster with three of the four angiosperm HD-Zip subfamilies (I, II, and IV; Meijer et al. 1997) . The Crhb1 gene is positioned at the base of subfamily IV, and the monophyly of this subfamily is supported with high bootstrap value (100%). The Crhb4-Crhb8 and Crhb11 genes form a monophyletic group with a high bootstrap value (86%) within the subfamily I, in which fern HD-Zip genes form a sister group to the monophyletic angiosperm HD-Zip I subfamily ( fig. 3) . However, the HD-Zip I Crhb genes are distinguishable from the angiosperm HD-Zip I genes by the presence of a seven-amino-acid indel within the leu- cine zipper motif ( fig. 2) . The Crhb2, Crhb3, Crhb9, and Crhb0 genes form a monophyletic group with a bootstrap value less than 50% and belong to the angiosperm HD-Zip II subfamily. Although the monophyletic relationship of genes in the HD-Zip II subfamily is supported with a high bootstrap value (99%), the relationships of genes within the HD-Zip II subfamily are not well resolved. Phylogenetic analyses using the genes belonging only to the HD-Zip I or II subfamilies did not change the tree topology (data not shown).
Diversity of the Leucine Zipper Motif
The leucine zipper motif forms a coiled-coil structure involved in dimerization of proteins (O'Shea et al. 1991) . Conserved leucine residues are spaced by sevenamino-acid residues. The start of each heptad repeat is named by the letter a, and the leucine residues are usually found at the d positions ( fig. 2) . The a positions are usually occupied by hydrophobic amino acids. Hu et al. (1990) showed that the a and d positions in the heptad repeats are important in forming the interface of the dimer. Positions a 1 and d 1 , the first a and d positions in the heptad repeat of the leucine zipper motif, have the role of specifying pairs for dimerization (Gonzalez et al. 1997) . In angiosperms, amino acid residues of the a 1 and d 1 positions are well conserved in each subfamily.
In the angiosperm HD-Zip I genes, threonines occupy the a 1 positions, except for the Athb7gene, which has a serine, and leucines occupy d 1 positions. In the angiosperm HD-Zip II genes, leucines and threonines are present, respectively, in positions a 1 and d 1 . In the Crhb HD-Zip I genes, asparagines instead of threonines or serine occupy a 1 positions, and one of the three amino acids, leucine, valine, or isoleucine, may occupy the d 1 position. In the HD-Zip II subfamily, amino acids in positions a 1 and d 1 are perfectly conserved among angiosperm and Crhb genes.
Expression of Crhb Genes During Gametophyte and Sporophyte Development
The spatial and temporal patterns of Crhb gene expression in gametophytes and sporophyte tissues were assessed by northern analyses. The transcripts of the Crhb1, and Crhb3-Crhb10 genes are 1.1, 2.2, 1.5, 1.5, 1.5, 1.8, 1.4, 1.5, and 1.6 kb in length, respectively ( fig.  4 ). These estimated sizes are longer than the sizes of cloned cDNA ( fig. 1 ), indicating that they are not fulllength cDNAs.
Populations of wild-type gametophytes contain both males and hermaphrodites in a ratio of about 4:1. To determine if Crhb gene expression in the gametophyte is sex-specific, populations of Ͼ99% male ga- 
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metophytes as well as mixed populations of males and hermaphrodites were examined. In general, the expression patterns of the Crhb genes fall into one of two different classes. The first pattern is typified by the Crhb1 and Crhb3 genes, whose transcripts are detected only in gametophytic tissues ( fig. 4) . High levels of Crhb1 expression are observed in the young (5-and 7-day-old) mixed populations of gametophytes (fig. 4) . The undetectable level of Crhb1 expression in males of the same ages suggests that Crhb1 may be important in sex determination during this stage of development. The expression of Crhb1 increases in the mixed population of 11-to 13-day-old gametophytes, and in the male population from 7 to 11 days old, indicating that Crhb1 expression is also involved in later development of gametophytes. Crhb3 expression is detectable but much weaker than that for the other Crhb genes.
In the second pattern of Crhb expression observed, each gene (Crhb4-Crhb10) is expressed in both gametophytes and sporophytes, although the relative amounts of expression vary depending on the organ examined. Among this group, no two Crhb genes display the same pattern of expression. Their patterns of expression also do not correlate with phylogenetic relationships. For example, Crhb4 expression is strong in vegetative leaves and weak in sporophylls (sporangia-producing leaves), while Crhb5, another member of the HD-Zip I subfamily, is highly expressed in sporophylls and weakly expressed in vegetative leaves (fig. 4) .
Although the Crhb2 and Crhb11 genes were cloned by RT-PCR using RNA derived from gametophyte tissue, expression of these genes was not detectable in either gametophyte or sporophyte tissues by northern analyses (data not shown).
Discussion
It has been well documented that homeobox genes, first identified in D. melanogaster, specify the identity of segments along the insect body axis. Changes in the organization and morphology of arthropod, chordate, and echinoderm bodies have been correlated with changes in homeobox gene regulation, indicating that changes in the number or function of homeotic genes have played a significant role in animal evolution (Carroll 1995; Averof and Patel 1997; Lowe and Wray 1997; Shubin, Tabin, and Carroll 1997) . Angiosperms also express numerous genes that encode a homeodomain and function in a variety of developmental and physiological processes. We isolated and compared a family of 11 genes that encode both a homeodomain and a leucine zipper motif (the HD-Zip genes) from the leptosporangiate fern C. richardii to understand if and how changes in these homeodomain-encoding genes contributed to land plant evolution.
The phylogenetic analysis of fern and angiosperm HD-Zip genes reveals that all of the fern HD-Zip genes belong to three of the four angiosperm HD-ZIP subfamilies (I, II, and IV). This result suggests that the I, II, and IV HD-ZIP subfamilies were present in the common ancestor of leptosporangiate ferns and seed plants. It also suggests that the HD-Zip subfamily III (missing in Ceratopteris) was lost in the fern lineage after the diversification of the fern from the seed plant lineage, although we can not deny the possibility that HD-Zip subfamily III may be found by further screening. This can be confirmed by determining whether subfamily III genes are absent or present in other lower vascular plants, including other ferns. Within the HD-Zip I subfamily, all fern genes can be distinguished from all angiosperm genes by the presence of seven additional amino acids, although it is not known whether angiosperms lost these residues or ferns gained them. In the same subfamily, the conserved amino acid residues in the a 1 and d 1 positions, known to be important for the dimerization of leucine zipper genes, are different between the fern and the angiosperms, suggesting that dimerization patterns and the consequent functions of the fern genes in the HD-Zip I subfamily differ from the those of the angiosperm genes in the same subfamily. These divergences of genes in the HD-Zip I subfamily may have played a significant but unknown role in vascular plant evolution.
The conservation of three of the four subfamilies of HD-Zip genes in ferns and angiosperms contrasts with what is observed for the MADS-box family of genes, which also encode transcription factors (Kofuji and Yamaguchi 1997; Münster et al. 1997; Hasebe et al. 1998 ). More than 10 groups/subfamilies of MADS-box genes have been identified in seed plants (Theissen, Kim, and Saedler 1996; Hasebe and Banks 1997) . The fern MADS-box genes collectively define three new groups/subfamilies of MADS-box genes. Only one group/subfamily of fern genes (the CRM6 group) forms a possible sister relationship with an angiosperm subfamily (the AG group) (Hasebe et al. 1998) . The greater number and divergence of MADS-box gene groups compared with HD-Zip gene subfamilies is likely due to the evolution of flowers or seed habit which occurred after the divergence of ferns and seed plants. While the function of MADS-box genes in floral organ identity in angiosperms is well documented (Weigel and Meyerowitz 1994) , there is no evidence at present to indicate that HD-Zip genes are involved in the flowering process. Thus, HD-Zip genes are likely to play important roles in developmental or physiological processes that are common to both angiosperms and ferns.
To address what these processes might be in ferns, the expression patterns of each of the fern HD-Zip genes were examined by northern analyses, which are useful for examining organ-specific gene expression, particularly in comparing expression that may be sporophyteor gametophyte-specific. Of the seven HD-Zip genes expressed in the fern sporophyte, none are associated with a particular organ (root, shoot apex, vegetative or reproductive leaves), although some genes are more highly expressed in one or more organs than are others. The patterns of expression of HD-Zip genes in the Ceratopteris sporophyte are not inconsistent with patterns of gene expression of HD-Zip genes in Arabidopsis (Carabelli et al. 1993; Söderman et al. 1994), carrots (Kawahara, Komamine, and Fukuda 1995) and rice (Meijer et al. 1997 ), whose HD-Zip genes are also expressed in a number of different plant organs.
The expression of HD-Zip genes has not been assessed for the gametophytes of angiosperms, probably due to the minute size and the location of the gametophyte within the sporophytic tissue of the flower. Since the fern gametophyte generation is autotrophic and independent of the sporophyte, it is easy to assess patterns of gene expression in both generations in ferns.
The gametophytes of Ceratopteris develop as hermaphrodites or as males. The sex of the gametophyte in this and many other homosporous ferns is determined by the pheromone antheridiogen, which induces male development (Näf, Nakanishi, and Endo 1975; Näf 1979; Banks, Hickok, and Webb 1993) . The expression of each fern HD-Zip gene was assessed in populations of both males and hermaphrodites (grown in the absence of exogenous antheridiogen) as well as populations of only males (grown in the presence of exogenous anterheridiogen). Nine of the 11 fern HD-Zip genes are expressed in male or hermaphroditic gametophytes. Two of these nine are expressed only in the gametophyte. One of these (Crhb1) is expressed in young (5-7-dayold) populations of male and hermaphroditic gametophytes but not in populations of only males of the same age. The Crhb1 expression pattern implies that Crhb1 may either promote female differentiation or repress male differentiation during early stages of gametophyte development. The role(s) of Crhb1 in sex determination can be further addressed by examining its expression in various Ceratopteris mutants that are defective in the sex-determining process (Banks 1994 (Banks , 1997a (Banks , 1997b Eberle and Banks 1996) .
The observation that 9 of the 11 HD-Zip genes are expressed in both the gametophyte and sporophyte generations indicates that these HD-Zip genes are not required for organ identity, as the gametophytes of ferns are dramatically different from the sporophytes. The Ceratopteris gametophyte is small (Ͻ2 mm at sexual maturity) and two-dimensional in growth, lacks vascular tissue, produces gametes, and differentiates very few cell types. The sporophyte, on the other hand, is large (about 15 cm), three dimensional, and vascularized, produces spore-forming sporangia, and has complex organs (roots, stem, and leaves) with many specialized cell types. The observation that most fern HD-Zip genes are expressed in both gametophyte and sporophyte tissues suggests that these genes are likely to be involved in regulating developmental or physiological processes common to the gametophyte and sporophyte. These processes could range from photomorphogenesis or other light-regulated processes, to hormone or stress responses, to more fundamental processes, such as the regulation of the timing of cell division. Because spore germination and the transition from one-to two-dimensional growth of the gametophyte has been shown to be regulated by light quality for many species of ferns (reviewed in Wada and Kadota 1989) , it will be interesting to know whether HD-Zip genes regulate photomorphogenetic processes in ferns, as some HD-Zip genes have been shown to do in Arabidopsis (Carabelli et al. 1993 (Carabelli et al. , 1996 Aoyama et al. 1995; Steindler et al. 1997) . Although closely related HD-Zip genes are expressed in ferns and angiosperms, there is no apparent relationship between the phylogenetic relatedness of HD-Zip genes and their gene function. For example, the Athb8 gene of Arabidopsis and the Crhb1 gene of Ceratopteris belong to the same subfamly of HD-Zip genes (IV). Whereas Athb8 is involved in the differentiation of vascular tissue (Baima et al. 1995) , Crhb1 is expressed only in the fern gametophyte, which lacks any vascular tissue. Further studies of the functions of fern and angiosperm HD-Zip genes are needed to establish the relationships between gene function and evolutionary relatedness.
Even though the functions of HD-Zip genes in ferns are not known, the gene tree of HD-Zip genes suggests that HD-Zip genes were present in the common ancestor of ferns and angiosperms. Based on paleobotanical evidence, the most likely common ancestor of ferns and seed plants was the trimerophytes (Kenrick and Crane 1997a) . These Devonian vascular plants formed a branching main axis that often terminated in a sporangium. Like Ceratopteris, all trimerophytes were homosporous, producing only one type of haploid spore. Because they lacked leaves, stems, and roots, these structures are thought to have evolved independently in ferns and angiosperms and are therefore considered analogous, rather than homologous, structures. The re-sults of this study suggest that the HD-Zip genes in primitive plants did not function in organ identity, but regulated the physiolgical and developmental processes that are now controlled by the HD-Zip genes in extant plants.
The observation that most of the HD-Zip genes are expressed in the gametophyte and sporophyte generations of Ceratopteris (two genes are gametophyte-specific) addresses the long-debated question of how the two generations originated during plant evolution (Graham 1993) . The fossils of several early Devonian gametophytes indicate that their gametophytes were complex, having an epidermis with stomates and a cuticle, conducting cells, and aerial axes that terminated in bowl-shaped gametangiophores which bore antheridia or archegonia (Remy, Gensel, and Hass 1993) . The complexity of the gametophyte and cladistic analysis of extant and extinct land plants (Kenrick and Crane 1997a, 1997b) lend support to the hypothesis that the sporophytes and gametophytes of early vascular plants were isomorphic or became isomorphic early in land plant evolution (Kenrick and Crane 1997a, 1997b; Niklas 1997) . The conservation of the expression of many of HD-Zip genes in the gametophyte and sporophyte generations of ferns suggests that the HD-Zip genes functioned similarly in the gametophyte and sporophyte generations of early land plants and evolved in parallel in the gametophyte and sporophyte generations of ferns, even though the two generations are so morphologically divergent. Further paleobotanical studies aimed at defining the relationship between these Devonian plants and the tracheophytes and understanding what the HD-Zip genes regulate in the gametophyte and sporophyte will be invaluable in understanding the evolutionary history of the plant life cycle.
